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Analog Decoding Method for Simplified Short-Range MIMO

Transmission

Ryochi KATAOKA', Student Member, Kentaro NISHIMORI', Senior Member, Takefumi HIRAGURI',
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SUMMARY A novel analog decoding method using only 90-degree
phase shifters is proposed to simplify the decoding method for short-range
multiple-input multiple-output (MIMO) transmission. In a short-range
MIMO transmission, an optimal element spacing that maximizes the chan-
nel capacity exists for a given transmit distance between the transmitter and
receiver. We focus on the fact that the weight matrix by zero forcing (ZF)
at the optimal element spacing can be obtained by using dividers and 90-
degree phase shifters because it can be expressed by a unitary matrix. The
channel capacity by the proposed method is next derived for the evaluation
of the exact limitation of the channel capacity. Moreover, it is shown that
an optimal weight when using directional antennas can be expressed by us-
ing only dividers, 90-degree phase shifters, and attenuators, regardless of
the beam width of the directional antenna. Finally, bit error rate and chan-
nel capacity evaluations by both simulation and measurement confirm the
effectiveness of the proposed method.

key words: short-range MIMO transmission, zero forcing, unitary matrix,
90-degree phase shifter, optimal element spacing

1. Introduction

Because of the recent popularity of smartphones and wire-
less local area network (WLAN), ultimate high-speed data
communication at speeds over 10 Gbps is essential in fu-
ture wireless communication systems [1]-[3]. Multiple-
input-multiple-output (MIMO) systems have attracted sig-
nificant attention because they can improve the transmis-
sion rate within a limited frequency band [4], [5]. Moreover,
they have already been commercialized in latest cellular and
WLAN systems [6], [7].

Multipath-rich environments are generally considered
for MIMO systems, and independent and identically dis-
tributed (i.i.d.) channels are usually assumed to explain such
environments in a simple manner [4], [5]. Paulaj et al. indi-
cated that the channel capacity in a specific channel exceeds
the ergodic capacity of an i.i.d. channel, even when the Ri-
cian factor is infinite [5]. Recently, the existence of optimal
element spacing has been confirmed such that the channel
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capacity is maximized for a given signal-to-noise power ra-
tio (SNR), even when a line-of-sight (LOS) environment is
considered [8]-[10]. The relationship between the optimal
element spacing and transmit distance is theoretically de-
rived in the closed form when considering the linear array
[9] and rectangular array [10]. However, there is an issue on
complexity of signal processing in the conventional MIMO
system.

Short-range communications have been also attracted
much attention [11]-[13], because they can realize the very
high speed communication by using broadband signals.
For ultimate high-speed data communication at speeds over
10 Gbps, the combination of MIMO transmission and short-
range communication is effective. This concept is called
short range MIMO (SR-MIMO) [14] and it is clarified that
the concept of LOS-MIMO can be applicable in SR-MIMO
[15].

As concrete applications on SR-MIMO transmission,
there are wireless repeater which connects networks through
a wall [15] and communication between chips [16], and so
on. Although very high-speed communication is required
in such applications, the variation on the propagation chan-
nel is assumed to be very small: The static propagation en-
vironment is realized. Hence, weights by obtained MIMO
transmission or decoding method can be fixed and conven-
tional MIMO signal processing is not required when consid-
ering the burden on signal processing part. Although there
are studies regarding SR-MIMO transmission [17]-[20], the
simplification on signal processing part have not been eval-
uated in [17]-[20].

It was clarified that the channel capacity when using
Zero Forcing (ZF) [21] is the same as that using Eigenmode-
beamforming (EM-BF) [22], [23] when considering the op-
timal element spacing in the SR-MIMO [24]. However, the
computational complexity of the ZF method is still large be-
cause the calculation of channel inversion is required in the
ZF method.

We proposed the decoding method using a simple ana-
log circuit to simplify the decoding method in an SR-MIMO
transmission [25]. This method utilizes the fact that the
channel matrix becomes a unitary matrix by properly adjust-
ing the phase differences among transmit and receive anten-
nas with optimal element spacing. The weights produced by
ZF with optimal element spacing are approximated by using
90-degree phase shifters and dividers. This circuit realizes
MIMO decoding that has the same ability as the ZF method
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without any digital signal processing. By the evaluation of
the bit error rate, it was found that BER by the proposed
method is not degraded compared to the ZF method when
considering the optimal element spacing.

This manuscript contains a significantly broadened
treatment of the proposed approach. In particular:

e The optimal condition in SR-MIMO transmission is
described in greater detail. The relationship among
eigenvalues, spatial correlation, and the unitary condi-
tion is explained in Sect. 2.

o We theoretically derive the channel capacity when con-
sidering the simple decoding method. Although only
BER evaluation is employed in [25], the theoretical up-
per bound by the proposed method is evaluated via the
channel capacity evaluation.

e Because planar arrays between the transmitters and re-
ceivers should face each other for short-range commu-
nication, the use of a directional antenna such as a mi-
crostrip antenna (MSA) is essential. In this paper, the
optimal weight when considering the directional anten-
nas is derived.

o We investigate the measurements to verify the effec-
tiveness of our theory. Moreover, frequency character-
istics, which are a very important factor in broadband
communications, are also evaluated.

The remainder of this paper is organized as follows.
Section 2 shows the optimal weight for SR-MIMO. It is
shown that this condition can be derived by the unitary ma-
trix that is obtained from the antenna arrangement with op-
timal element spacing. A configuration that realizes a sim-
ple decoding method using analog devices is proposed in
Sect.3. In Sect. 3, the channel capacity of the simple de-
coding method is derived, and the optimal condition when
using a directional antenna is exhibited. Section 4 evaluates
the channel capacity and BER performance in order to show
the effectiveness of the proposed analog decoding method.
The experimental results by the proposed method are shown
in Sect. 5 to show the validity of our theory and simulation
results.

2. Weight and Channel Matrices for Optimal Element
Spacing in SR-MIMO

2.1 Optimal Element Spacing in SR-MIMO

We consider the channel capacity versus array element spac-
ing, d, to show the optimal condition in SR-MIMO. The
simulation condition is shown hereafter. The transmit dis-
tance between transmit and receive antennas is set to be
D = 21y. Here, 4y denotes the wavelength of the trans-
mitted signal. Two identical array antennas that face each
other, each of which is a dipole array with a spacing of d, are
placed parallel to each other and separated by D. All anten-
nas have vertical polarization for simplicity. The SNR per
antenna is 20dB. The simulation considers the free space
between the array antennas. In this simulation, we adopt the
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Fig.1 Channel capacity versus element spacing (2x2 MIMO, D = 24).

geometrical optics approximation for the propagation chan-
nel in the SR-MIMO.

Figure 1 shows the channel capacity versus element
spacing, d. Ergodic channel capacity in the i.i.d. channel
and the upper bound, at which all the eigenvalues with the
given SNR are identical, are plotted in this figure. As can be
seen in Fig. 1, the channel capacity by using EM-BF / ZF is
identical to that of the upper bound when d = 1.0 4. This
result confirms the existence of the optimal element spac-
ing, dop, When the EM-BF and ZF is adopted [24]. It can
be also seen that the capacity with dy, by using EM-BF or
ZF is higher than the ergodic capacity in the i.i.d. channel,
which is commonly used as the channel model in conven-
tional MIMO transmission. Moreover, the channel capacity
using ZF is almost the same as that using EM-BF, when con-
sidering dop.

It is shown that the maximum value of the channel ca-
pacity is small when the transmit distance, D, is increased
[24]. In addition, the optimal element spacing, dop, is
changed when D is given, and the value of dy is wider when
D is increased [24].

2.2 Zero Forcing Algorithm

The ZF method is well known as a simple decoding algo-
rithm in a MIMO system because only receivers employ
signal processing, unlike EM-BF. The weight matrix, WzF,
is calculated by using the channel inversion, which is ob-
tained by channel estimation at the receivers in the ZF al-
gorithm. Our aim is to realize the simple decoding method,
as the computational complexity by the ZF algorithm is still
large because of the calculation of the channel inversion. As
shown in Fig. 1, the channel capacity using ZF is almost the
same as that using EM-BF, when considering d in the SR-
MIMO system. We focus on the condition of the weight
matrix, Wzp, which is obtained by the ZF algorithm. We re-
alize a fixed weight, Wy, that can be configured by an analog
circuit. The detailed scheme is shown in Sect. 3.

Here, the basic principle of ZF is described. When
H, is the weight matrix for the channel, Hy with an M X
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M MIMO channel is denoted as

hii hip - iy
hyt  hyp - hy

H, = . , (D
hyt hya -+ hyu

where £;; is the channel response for the j-th and i-th trans-
mit and receive antennas. The receive signal vector, y(r) =
(10, ,yu®]" is denoted as

y(1) = Hys(t) + n(1), 2

where s(t) = [s1(2) -+ , sp()]" and n(2) = [n1 (1), - - -, nu(D]"
denote the receive signal and noise vectors, respectively.
Here, T is the transpose operation on the vector.

The weight matrix of ZF, Wz, is represented as

Wzr = Hy". 3)
Hence, the decoding signal vector, y’(), is denoted as

y'(t) = Wzrpy(t)
= WZFH()S(t) + szn(t). (4)

In the next subsection, we analyze how the elements of
Wy are changed when changing the element spacing in the
SR-MIMO system.

2.3 Weight of ZF with Optimal Element Spacing

For the following explanation, the element spacings that
firstly and secondly maximize the channel capacity in Fig. 1
are defined as dop,1 and dop 2, respectively. In order to ex-
amine the characteristics of Wz, Wz is normalized by wy;
as

Wzr _ [ wiy/wii )

wi wa1 /wig

w2 /Wiy ]

wo /Wiy

where wyy = wyy, and wip = wy; because of the symmetric
property of the array configuration. We focus on the weight
matrix created by ZF when d = dy,1 in Fig. 1. When dp
is given, Wzp/wy; is calculated as

Wir _ 1 —-0.04 + 089]
wr ~0.04 +0.89; 1 '

(6)

As shown in Eq. (6), the ratio of |wy /w1 | (Jwia /was|) is 0.91,
and tan™! (w,; /w1 ;) (tan~! (w12 /wpo)) is approximately 90 de-
grees. Note that this condition in the optimal element spac-
ing is constant even if the transmit distance, D, is changed.

Figure 2 shows the amplitude ratio (Jjwi;/wy;|) versus
the element spacing when using the ZF algorithm. As can be
seen in Fig. 2, the amplitude ratio when d = dop,1 is approx-
imately 1.1, and the amplitude ratio increases in proportion
to the element spacing, d.

Figure 3 denotes the phase difference, 6y (tan™!
(wq1/wyy)), versus the element spacing when using the ZF
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algorithm. As can be seen in Fig.3, 6y at the element
spacing that maximizes the channel capacity in Fig. 1 is ex-
pressed as

GW(dOpt,l) == GW(dOpt,ZnJrl) =~ 9(°
Ow(dopt2) = ... = Ow(dopion) = —90°

Hence, WzF and channel matrix Hy when considering dop.1
can be approximated by

(7

Wik 1 ]]
——— = , 8
w1 [J 1 ®
H, 1 —j}
— = . . 9
hii [—J 1 ©)

When considering the above condition, the following rela-
tionship is obtained.

Wzr = Hy ' = Hy". (10)

As a result, it is shown that the weight matrix of ZF can
be approximated by a unitary matrix when considering the
optimal element spacing in the SR-MIMO system.

2.4 Channel Matrices and Unitary Matrix for Optimal El-
ement Spacing

Let us assume a unitary matrix, U. A unitary matrix has the
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following property:
vut? = v U =1, (11

where I is the identity matrix. Hence, U" = U [26]. As
shown in the previous subsection, Wz and H, are approx-
imated by the unitary matrix. Hence, WzpHj, which is the
channel matrix after multiplying the weight matrix, is de-
noted as

WyzrHy = Hy 'Hy = Hy"Hy = 1. (12)

When considering the above condition, all the eigenvalues
are identical, and the spatial correlation is zero [24]. This is
an optimal condition in MIMO transmission: the maximum
channel capacity is obtained for the given SNR.

3. Analog Beamforming Circuit Using Condition on
Optimal Element Spacing

3.1 Analog Beamforming Circuit

As mentioned in 2.3, Wz /w;; in a 2x2 MIMO system con-
sidering the optimal element spacing can be approximated
by

. H
LA I (13)
wii o1 htt
We propose an analog decoding method by utilizing the
fact that the propagation channel is not changed in the SR-
MIMO when Egq. (13) is obtained. The condition in Eq. (13)
can be configured by using only simple analog devices with
dividers and 90-degree phase shifters. Figure 4 shows the
proposed analog beamforming circuit. As shown in Fig. 4,
because two pairs of weights can be multiplied with the re-
ceived signals, the inter-steam interference can be automati-
cally canceled at the output signals, y’l and y’z: MIMO trans-
mission is realized without any decoding scheme such as
channel inversion in the digital signal processor.

The decoding signal vector y’(¢) using analog weight
W, is denoted as

y' () = WeHys(t) + Wsn

5,(t) 55(t) 5,() 55(t)

Transmitter Transmitter
#1 #2 #1 #2
H, H,
#1 X #2 #1 X #2
Receiver \/ Receiver \ /
ni(), »a(t) ni(v) ()
n(t)

x| mp
(Wzr)

:90° Phase shifter

yr () yy(t) | = Divider y () ¥, (1)

Seelliciiiceidienia Bl

Fig.4  Proposed analog beamforming circuit.
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o Rs(1) + Wyn(2). (14)

When an M X M MIMO channel is considered for R in
Eq. (14), R is expressed as

ay ap -0 aim
a dxp -t WM

R=| . . .- (15)
ayr am2 . amm

Because W with 2x2 MIMO is the unitary matrix, R in
Eq. (14) is approximated as

R 10
a—“_[o 1]_1. (16)

Hence, the inter-stream interference can be canceled, and
the desired signals can be decoded by the proposed circuit.

Although the proposed decoding in a 2x2 MIMO sys-
tem can be realized by using the circuit in Fig. 4, the idea
for the proposed method can be applicable for a larger num-
ber of antennas. Let us assume a 4x4 MIMO system with
squarely arranged antennas at the transmitter and receiver.
Figure 5 shows the 4x4 MIMO system with squarely ar-
ranged antennas at the transmitter and receiver. When con-
sidering this antenna arrangement, Wzp(a, b)/wy (a,b =
1 ~ 4) can be calculated as

Wzr(k,k)/wy =1

(k=1~4) (17)
Wzr(i, j)/wi = —0.09 +0.89

(i=23,j=14 (18)
Wzr(m,n)/wy; = —0.09 + 0.89;

(m=1,4,n=2,3) (19)
Wzr(5 =1, 1)/wy; = —0.78 — 0.04;

(I=1~4). (20)

We approximate the above matrix to realize a simple decod-
ing method with an analog circuit that uses only dividers and
90 and 180-degree phase shifters. The approximated matrix,
W, 4xa, 1s expressed as

joJ -1
1 -1 j

Wiaxa = 11 j ; 2
-1 j 1

where Wj is the unitary matrix because WS,4X4Ws,4x4H is the

b

Fig.5 4x4 MIMO system with squarely arranged antennas at the
transmitter and receiver.
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identity matrix.

Although the optimal element spacing itself is changed
when the transmit distance, D, is changed, the weight for
the simple decoding method is not changed. Figure 6 shows
the amplitude ratio and phase difference of Wz at the op-
timal element spacing when D is changed. As can be seen
in Fig. 6, the amplitude ratio is increased when D is wider.
The adjustment of amplitude can be used by the attenuator.
Furthermore, the phase difference is approximately 90° as a
90-degree phase shifter is used. Hence, the simple decoding
method can be realized by the analog weight circuit with the
optimal element spacing when D is determined.

3.2 Derivation of Channel Capacity

The performance by the proposed method is degraded be-
cause the approximation of the weights by using the unitary
condition is adopted. In this subsection, the channel capac-
ity by the proposed method is derived in an exact expression
to accurately evaluate the upper bound of the channel capac-
ity by the proposed method.

Here, we introduce a new parameter, by; (k = 1 ~
M,i=1~ M,i # k). by; is defined as

b= (k=1~Mi=1~M,i#k). (22)

ik

|byi| is approximated by O at the optimal element spacing.
On the other hand, |b;| is large when the channel capac-
ity is low. Hence, b;; can be treated as the influence of the
inter-steam interference. Thus, the signal-to-interference-
and-noise power ratio (SINR) for the k-th received antenna
by the proposed method is denoted as

2
SINRG) = Ellse(0))

D7 Wbl Ellsi)P ] + ELim(n)P)
i#k,i=1

(23)

Here, E|-] is expectation value. Hence, the channel capacity,
C, using the proposed method is expressed as
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M
C= ;mg2 (1 + %SINR(k)). (24)

3.3 Analog Weight for Directional Antenna

Figure 7 shows the definition of the 3-dB beamwidth (BW)
when using a directional antenna. 6y is the half-power
beamwidth (HPBW). The antenna pattern from the direc-
tional antenna is generally approximated by cos” (n: posi-
tive value). Hence, the response of the directional antenna
in the direction of 6, Fy,, (0) is expressed as

Fg,,,(0) = cos"(6). (25)
Here, n is calculated by Oy as
Opw ) 1
cos” (— = — (26)
2 V2
1
n=-—————-"—. 27
2log,{cos (%)}

When using the directional antennas, Wzp/w;; in
2x2 SR-MIMO with the optimal element spacing can be ap-
proximated by

W[t e B!
Jao 1|7 ot

w11

(28)

where we define @ as the weight factor. Figure 8 shows the
characteristics of a and the phase difference, tan™" (wo; /w1 ;)
or tan~ (w2 /wnn), at the optimal element spacing when D is
changed. Here, the HPBW is set to be 80 degrees. As shown
in Fig. 8, « is increased when D is wider, but « is saturated.
On the other hand, it is shown that the phase difference is
approximately 90 degrees.

Figure 9 shows the characteristics of « and the phase
difference, tan~! (wy; /wy;) or tan~!' (wy2/wyy), at the optimal
element spacing when the HPBW is changed. D is set to
be 51p. As can be seen in Fig.9, « is increased when the
HPBW is wider, but « is saturated. Hence, an attenuator is
required to realize the weights with the analog circuit. On
the other hand, the phase difference is approximately 90 de-
grees, regardless of the HPBW.

From the results in Figs. 8 and 9, it was found that the
analog weight can be realized by using a divider, 90-degree
phase shifter, and attenuator when using the directional an-
tennas. Figure 10 shows the proposed analog beamforming
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circuit when using the directional antenna. The condition
in Eq. (28) can be configured by using only simple analog
devices with dividers, 90-degree phase shifters, and attenu-
ators.

1 ‘ ‘ ‘ ‘ 180
BW =80 deg. o
0.8+
e~
=
Motensang: %
. 0'6 r LVIOY ..ru-vn----------------------7-—---, 90 %‘
Phase s
0.4 -
0.2 ! \ ‘ ‘ . ‘ 0

1 2 3 4 5 6
Distance between transmit and receive antennas [D/ko]

Fig.8 Weight factor @ and the phase difference at the optimal element
spacing at each D.

1 180
D=5,
0.8
o
06 X =
B pmmmmefeem e - 90%
0.4 Phase g
0.2
0 : 0
0 90 180
BW [deg.]

Fig.9  Weight factor « and phase difference at the optimal element
spacing when D = 51p.

y’(® »n®
:90° Phase shifter
m : Divider

H : Attenuator

Fig.10  Proposed analog beamforming circuit when using the directional
antenna.
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4. Basic Performance of the Simple Decoding Method

To verify the basic performance of the proposed method, the
BER and the channel capacity using the proposed method
are evaluated.

4.1 Simulation Conditions

In the simulation, the channel matrix, Hy, is calculated by
the geometrical optics approximation [24]. Although a mu-
tual coupling effect cannot be reflected by using geometrical
optics approximation, we have already confirmed that the
channel capacity obtained by geometrical optics approxima-
tion is almost same with that by Moment of Method analyses
which considers the mutual coupling effect between anten-
nas [24]. Hence, we adopted the geometrical optics approx-
imation in this section. The results in which the mutual cou-
pling effect is considered are shown in Sect. 5. The antenna
distance, D, is set to be 21y. The modulation scheme is
16 QAM and number of data streams is equal to the number
of transmit antennas. One million bits are totally transmit-
ted by the transmit antennas in order to evaluate the BER
characteristic which is equal to 107. We assume that the
weight matrix given in Eq. (9) can be ideally obtained with
the analog circuit using the proposed method. The issue of
phase errors caused by the phase shifter remains and will be
evaluated in future work.

4.2 BER Characteristics

Figure 11 shows the BER versus the array element spac-
ing, d, when a 2x2 MIMO system is considered. Prop. in
Fig. 11 denotes the proposed simple decoding method, and
the results using the proposed method and ZF are plotted in
this figure. The SNR per antenna is 20dB at the optimal
element spacing. Although the BER by proposed method is
6 x 10~* while the BER is less than 1073 by the ZF at the

d()pt (1 07\‘0)

10° ,
Prop. i

10"+
[a4 10-2\\ \
=L \
107\ R R -

-
-
- —

| L
N N -
, \ ‘J
il | \’l\ ZF |
1 1.5 2 2.5 3
Element spacing [d/)uo]

10°L—A
0.5

Fig.11  BER versus element spacing (2x2 MIMO, D = 24p).
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Fig.13  BER versus SNR (4x4 MIMO, D = 22).

optimal element spacing (d = 1.04y), the BER can be actu-
ally zero when the error coding scheme is employed. On the
other hand, the BER using the proposed method is greatly
degraded at all other element spacings except for the opti-
mal element spacing. Hence, it is shown that the use of the
optimal element spacing is essential in the proposed circuit
for the given the transmit distance.

Figure 12 shows the BER versus the SNR when 2x2
MIMO transmission is employed. The array element spac-
ing, d, is set to be dop(= 1.049) and 1.5, respectively,
in Fig. 12. The results using the simple decoding method,
Prop., and ZF are plotted in this figure. As can be seen in
Fig. 12, only 1 dB of degradation exists when the BER=10"°
compared to ZF, when using the proposed method with dp.
On the other hand, the BER using the proposed method is
not improved versus the SNR, whereas the BER using the
ZF is improved at SNRs over 20 dB when d is 1.54;.

Next, we evaluate the effectiveness of the proposed
method when 4x4 MIMO is applied. We assume that the
weight matrix Wy4x4 given in Eq. (21) can be ideally ob-
tained in the proposed method. Figure 13 shows the BER
versus the SNR when 4x4 MIMO with a square antenna
arrangement at both the transmitter and receiver is consid-
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ered. The other simulation conditions are the same as those
in Fig. 12. As can be seen in Fig. 13, compared to ZF, 2.5 dB
of degradation exists at BER=10"? when using the proposed
method with dop. On the other hand, the BER using the pro-
posed method is not improved versus the SNR when consid-
ering that d is 1.54y. Therefore, it is clarified that a simple
decoding method is applicable for 4x4 MIMO if we utilize
the optimal element spacing.

4.3 Channel Capacity Characteristics

To confirm the validity of our derivation of the channel ca-
pacity, the channel capacity versus array element spacing, d,
is plotted when 2x2 MIMO is considered. Prop. in Fig. 14
denotes the proposed simple decoding method, and the re-
sults using the proposed method and ZF are plotted in this
figure. The SNR per antenna is 20dB. As can be seen in
Fig. 14, Prop. has almost the same performance as ZF and
the upper bound [24] at the optimal element spacing. More-
over, because the tendency regarding channel capacity ver-
sus d in Fig. 14 is similar to that in Fig. 11, the correspond-
ing values of the optimal and worst element spacings in each
figure are equivalent. Hence, it is clarified that our deriva-
tion of the channel capacity is effective for evaluating the
upper bound on the transmission performance.

5. Effectiveness of the Proposed Method Using Mea-
sured Propagation Channel

To verify the effectiveness of the proposed method in a real
propagation environment, the channel matrix is measured
when considering the environment in the SR-MIMO trans-
mission.

5.1 Measurement Environment
Figure 15 shows the measurement environment. We con-

ducted the measurement in an anechoic chamber. In or-
der to obtain pure channel responses between the transmit
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and received antennas, channel matrix H, with 2x2 MIMO
was obtained by using a vector network analyzer. The cen-
ter frequency is 5.0 GHz, and the bandwidth is 100 MHz in
this measurement. For antenna elements, MSAs are used.
The radiation patterns are plotted in Fig. 16. The measured
HPBW is approximately 80 degrees. Hence, the HPBW is
set to be 80 degrees in the simulation, and the antenna re-
sponse is approximated by a cos” pattern which is shown in
3.3 in the simulation results. The antenna distance, D, is set
to be 54.

5.2 Effectiveness of Proposed Method

Figure 17 shows the 1st and 2nd eigenvalues (4; and A)
versus the element spacing. For reference, the simulation
result with a cos” pattern is plotted in this figure. The SNR
is set to be 20 dB when the optimal element spacing is used.
As can be seen in Fig. 17, we can observe the existence of
the optimal element spacing where the ratio of 4, and A,
is approximately one in the measured results. Moreover,
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the ratio of the eigenvalues to the element spacing found
in the measured results is very similar to that found in the
simulation results. Hence, it is clarified that the simulation
model is effective for the modeling of an SR-MIMO system
when using a directional antenna.

Figure 18 shows the BER versus array element spacing,
d, when the measured channel matrix is considered. For the
comparison, the results of the proposed method and ZF are
plotted in this figure. As can be seen in Fig. 18, the degrada-
tion of the BER using the simple decoding method is very
small compared to the BER using the proposed method in
the simulated results when considering the optimal element
spacing. On the other hand, the BER using the proposed
method is greatly degraded at element spacings other than
the optimal element spacing. Hence, the measurement re-
sults show that the usage of the optimal element spacing is
essential.

In the previous results, we evaluated the BER and chan-
nel capacity at only a single frequency. However, broad-
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band transmission is essential for future wireless commu-
nications. Figure 19 shows the BER versus SNR when the
fixed weight given at 5.0 GHz is applied for the weights at
4.95 and 5.05 GHz, respectively. As can be seen in Fig. 19,
although a degradation of 1.5dB exists at BER=10"3 when
4.95 and 5.05GHz are used compared to 5.0 GHz, it is
shown that the wideband characteristics can be observed us-
ing the proposed simple decoding method if we can prepare
the wideband 90-degree phase shifter.

6. Conclusion

In this paper, a novel analog decoding method with only an
analog circuit is proposed to simplify the decoding method
for SR-MIMO transmission. The proposed method does not
need any digital signal processing, which is required in con-
ventional MIMO signal decoding. Because the weight ma-
trix found using ZF at the optimal element spacing is ex-
pressed as a unitary matrix, it was shown that the weight ma-
trix can be realized by using dividers and 90-degree phase
shifters in a 2x2 SR-MIMO system. In this study, the chan-
nel capacity using the proposed method is derived to evalu-
ate the limitation on the proposed method. Moreover, it was
clarified that simple decoding when using the directional an-
tennas can be configured by using dividers, 90-degree phase
shifters, and attenuators.

It was verified that the degradation of the BER using a
simple decoding method is very small compared to the BER
using ZF when considering the optimal element spacing,
dopt- Only 1dB of SNR degradation exists when BER= 1073
compared to ZF, when using the proposed method with dp.
On the other hand, it was shown that the BER using the
proposed method is greatly degraded at all other element
spacings except the optimal element spacing. Hence, the
use of the optimal element spacing is essential for the given
transmit distance when employing the proposed method and
circuit. We clarified that the optimal and worst element
spacings are the same for the BER and capacity evaluations.
Hence, our derivation of the channel capacity is effective
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for evaluating the upper bound on the transmission perfor-
mance. Moreover, it was shown that the simple decoding
method can be applicable for 4x4 MIMO. Finally, in or-
der to verify the effectiveness of the proposed method in a
real propagation environment, the channel matrix was mea-
sured when considering the environment during SR-MIMO
transmission. It was shown that the simulated and measured
results agree well with each other, and the wideband char-
acteristics can be observed with the proposed simple decod-
ing method if we can prepare the wideband 90-degree phase
shifter.

Although ideal phase shifters are assumed in this pa-
per, there are phase error on the phase shifter when applying
the proposed method. The influence on weight errors on
capacity when using the simple decoding scheme is evalu-
ated by a computer simulation [27]. As the future work, the
evaluation using actual phase shifters is essential. Moreover,
calibration techniques are required to obtain the accurate the
channel state information by the proposed method. Hence,
actual hardware implementation should be employed for the
further development of the proposed method.

In this study, the geometrical optics approximation and
cosine pattern were used as the propagation characteristic
and antenna pattern in the simulation. Although the sim-
ulated and measured results agree with each other from a
point of view in BER when the transmit distance is 5A4y, this
assumption may not be applied when considering very near
field. As the future work, we should evaluate the limitation
regarding the minimum transmit distance that the proposed
method can be applicable and a new model in very near field.
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